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INTRODUCTION 


Electrodeposited  chromium  is  currently  the  material  of  choice  for  protecting  the  bores  of  large 
caliber  guns  from  erosion  and  corrosion.  Two  basic  types  of  coatings  are  popular;  high  contraction  (HC) 
and  low  contraction  (LC).  HC  chromium  has  been  used  successful^  for  many  years  de^ite  its  high 
density  of  microcracks.  LC  chromium,  slightly  more  ductile  and  deposited  without  cracks,  has  become 
more  popular  in  recent  years.  This  study  is  concerned  principally  with  LC  chromiunL 

In  the  past,  variations  in  the  electrodeposition  process  led  to  adhesion  problems  that  appeared 
during  test  firing.  During  the  firing  of  test  rounds,  many  tubes  experienced  the  loss  of  significant  amounts 
of  chromium,  exposing  portions  of  the  underlying  steeL  Statistical  quality  control  techniques  have  been 
successfully  apph'ed  to  the  electrodeposition  process,  leading  to  improved  performance.  Under  some 
circumstances,  however,  a  technique  for  nondestructive  evaluation  of  the  coating  is  still  desirable.  The 
Army  currently  lacks  any  such  nondestructive  evaluation  techniques  for  hard,  protective  coatings  in 
general.  Ultimately,  this  work  could  lead  to  the  development  of  techniques  applicable  to  chromium  and 
many  other  similar  coatings. 

The  work  described  herein  involves  both  photothermal  and  ultrasonic  techniques. 
PHOTOTH^RMAL  TECHNIQUE 

This  study  investigated  the  effect  of  rapidly  and  briefly  heating  the  surface  of  a  chromium  coating 
using  a  pulsed  heat  source  such  as  a  laser.  Similar  results  for  thermally  sprayed  coatings  have  been 
reported  by  P.  Cielo  (ref  1).  The  subsequent  cooling  of  the  surface  depends  on  the  coating,  substrate,  and 
interface  properties.  Although  no  actual  measurements  were  taken,  we  developed  a  computer  program  to 
model  such  transient  surface  temperature  profiles  due  to  an  energy  pulse  incident  on  the  surface  of  a 
layered  material.  The  program  uses  a  simple  one-dimensional  finite  difference  algorithm  to  model  the 
diffusion  of  heat  into  the  coating  and  substrate,  neglecting  heat  loss  at  the  surface.  It  has  been  used  to 
predict  temperature  versus  time  profiles  for  a  number  of  different  situations  involving  a  chromium  coating 
on  steel.  The  model  is  used  for  guiding,  analyzing,  and  interpreting  experimental  work  with  the  pulsed 
photothermal  technique. 

Analytical  Solution  For  a  Semi-Infinite  Solid 

First,  we  consider  a  case  in  which  the  diffusion  equation  can  be  solved  analytically:  a  semi-infinite 
solid.  Suppose  an  instantaneous  pulse  of  heat  is  absorbed  at  the  surface  of  a  semi-infinite  solid  and  that 
the  solid  loses  no  heat  at  the  surface.  In  other  words,  to  a  first  approximation,  we  shall  neglect  cooling  of 
the  surface  by  radiation,  air  convection,  or  conduction  and  consider  only  diffusion  into  the  material.  Since 
the  material  is  semi-infinite,  the  diffusion  is  then  one-dimensional.  The  change  in  surface  temperature  T 
due  to  the  heat  pulse  as  a  function  of  time  t  after  the  pulse  is  (ref  2) 

nt)  *  — ^  (1) 

yj%pckt 

where  Q  is  the  energy  absorbed  per  unit  area,p  is  the  density,  c  is  the  specific  heat,  and  k  is  the  thermal 
conductivity.  As  a  result,  ln(T)  plotted  versus  ln(t)  will  yield  a  straight  line  of  slope  -1/2. 

If  the  heat  pulse  is  continuous  rather  than  instantaneous,  then  the  surface  temperature  T  as  a 
function  of  time  t  from  the  beginning  of  the  pulse  is  given  by 
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where  q(t)  is  the  energy  absorbed  per  unit  area  per  unit  time.  For  the  simple  case  of  a  rectangular  pulse 
given  by 


««)  =  s  0<K«^  (3, 

the  result  simplifies  to 

no  *  0<«<f^  (4a) 

yicpcib 


TO  =  ^  (/t  -  »t^  (4b) 
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Finite  Difference  Solution  for  Layered  Material 

In  general,  if  the  material  is  layered  with  varying  thermal  properties  as  a  function  of  depth,  an 
analytical  solution  is  no  longer  possible.  In  this  case,  a  one-dimensional  finite  difference  algorithm  can  be 
used  to  find  approximate  values  for  the  temperature  change  at  the  surface  or  at  various  depths.  Following 
Dusinberre’s  treatment  (ref  3),  we  can  subdivide  the  system  into  regions  as  shown  schematically  in  Figure 
1, 


Figure  1.  One-dimensional  system  for  finite  difference  calculations. 

The  first  region  has  a  thickness  Ax/2;  all  other  regions  have  a  thickness  Ax.  The  temperature  T,'  for  the  i^ 
region  after  each  time  interval  At  is  calculated  from  the  temperatures  of  the  adjacent  regions  before  the 
time  interval  using 
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where  q  is  the  energy  absorbed  per  unit  area  per  unit  time.  An  arbitrary  time-varying  energy  input  can  be 
approximated  by  using  different  values  of  q  for  each  time  interval  Typically,  q  is  set  to  Gnite  vsdues  for  a 
"pulse  on"  period,  then  to  zero  for  the  rest  of  the  calculation.  The  best  results  are  obtained  when  each  M 
is  greater  than  or  equal  to  2. 

Computational  Results 

For  a  rectangular  energy  input  pulse  incident  on  a  semi-infinite  homogeneous  solid,  the  finite 
difference  calculations  agreed  quite  well  with  the  analytical  solution  given  by  Eq.  (4). 

The  finite  difference  program  was  used  to  model  tenqierature  profiles  for  a  variety  of  different 
energy  pulses  and  coating  systems.  Figure  2  shows  the  results  for  SO,  200,  and  900  ps  recungular  pulses 
incident  on  three  different  coating  systems:  137  J  pm  chromium  on  steel  135.7  pm  "low  density" 
chromium  on  steel  and  112.5  pm  chromium  on  a  25  pm  "thermal  barrier”  on  steel  The  norm^ 
properties  of  chromium  used  were  thermal  conductivity  of  0.94  W/(cm  Q,  specific  heat  of  0.448  J/(g  C), 
and  density  of  7  g/cm^.  The  low  density  chromium  was  assumed  to  have  a  density  of  5.1  g/cia?.  The 
thermal  barrier  had  the  same  specific  heat  and  density  as  chromium,  but  had  one-tenth  the  thermal 
conductivity.  The  properties  of  steel  used  were  thert^  conductivity  of  0.7  W/(cm  C),  specific  heat  of  0  J 
J/(g  C),  and  density  of  7.8  g/cm^.  In  all  cases,  the  total  energy  density  of  the  pulse  was  assumed  to  be  1 
J/cm^.  The  time  step  At  was  5  ps,  and  the  element  thickness  Ax  was  25  pm. 

As  seen  in  Figure  2,  the  shortest  energy  pulse  is  best  for  distinguishing  the  three  coating  systems. 
The  200  ps  pulse  is  just  as  good  as  the  50  ps  pube  for  distinguishing  the  thermal  barrier  ^em  from  the 
other  two,  but  not  as  good  for  distinguishing  the  low  density  coating  from  the  normal  density  one.  In 
general  the  shorter  the  energy  pulse,  the  better  the  ability  to  resolve  variations  of  properties  with  depth. 
However,  for  a  given  total  energy  density,  the  shorter  pubes  will  compress  this  energy  into  a  shorter  time 
interval  resulting  in  higher  intensities  and  higher  surface  temperatures.  At  the  higher  energies  and 
shorter  times  available  with  many  of  today’s  pulsed  lasers,  surface  melting  could  easify  result. 
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Figure  2.  Finite  difference  calculation  of  ln(T)  versus  ln(t)  for  50,  200,  and  900  us  rectangular 
pulses  incident  on  three  different  coating  sji^stems:  (I)  137  J  um  chromium  on 
steel:  (II)  137  J  pm  "low  density"  chromium  on  steel;  and  (III)  112J  pm  chromium 
on  a  25  pm  "thermal  barrier"  on  steel 
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^feasnreiiieBt  of  Temorature  Using  Black-Bodv  Rarftatlnii 


All  olq'ects  emit  electromagnetic  radiation  due  to.  the  thermal  excitation  of  electrons  in  the 
molecules  of  the  object.  This  radiation  can  be  detected  and  used  to  measure  the  temperature  of  the 
object  emitting  the  radiation. 


Theoretical  calculations  of  the  intensity  of  such  radiation  as  a  function  of  wavelength  or  frequency 
can  be  made  for  an  ideal  black  bocfy-an  object  that  absorbs  all  electromagnetic  radiation  inddent  upon  it. 
The  theory  is  fairly  straightforward  and  can  be  found  in  introductory  texts  on  modem  physics  or  quantum 
optics  (refs  4.5).  The  theoretical  result  is  often  written  as 


/.(V)  = 


1 

^Av/*r_  1 


(7) 


where  Iv(v)dv  is  the  intensity  of  emitted  radiation  having  frequendes  between  v  and  v  +  dv,  h  is  Planck’s 
constant,  k  is  Boltzmann’s  constant,  and  c  is  the  speed  of  light  in  vacuum.  T  is  the  absolute  temperature 
of  the  body. 


However,  one  can  also  deHne  I)(A)cU  as  the  intensity  of  emitted  radiation  having  frequendes 
between  A  and  A  +  dA.  By  requiring  lA(A)dA  =  Iv(v)dv,  one  can  then  obtain 


ha)  = 


iTlhc^  1 


(8) 


Some  potential  for  confusion  exists  because  I^(A)  and  I^fv)  are  not  the  same.  I;i(A)  can  be  thought  of  as  an 
intensity  per  unit  wavelength,  whereas  I,(v)  is  an  intensity  per  unit  frequency. 

Figure  3  shows  I;i(A)  versus  A  for  several  temperatures  near  room  temperature.  Near  room 
temperature,  virtually  all  of  the  black-body  radiation  is  emitted  in  the  infrared  region  of  the  spectrum,  at 
wavelengths  longer  than  those  of  visible  light.  Although  a  small  amount  of  this  black-body  radiation  is  in 
the  visible  range,  the  human  eye  can  not  perceive  it  at  such  a  low  intensity.  Virtually  all  the  light  that  we 
see  from  objects  at  room  temperature  is  either  reflected  from  other  sources  or  emitted  by  other 
mechanisms,  such  as  electronic  transitions,  including  luminescence,  Quorescence,  lasing,  and  electron-hole 
recombination.  As  the  temperature  of  an  ol^'ect  increases,  it  emits  more  black-body  radiation  at  shorter 
wavelengths.  If  the  temperature  is  raised  high  enough,  the  black-body  radiation  becomes  easily  visible  to 
the  naked  eye,  as  with  molten  metal  or  the  fllament  of  an  incandescent  light  bulb. 

Not  all  materials,  however,  behave  as  ideal  black  bodies.  At  a  given  temperature  and  for 
radiation  at  a  given  wavelength,  the  ratio  of  actual  intensity  emitted  to  the  intensity  that  would  be  emitted 
by  an  ideal  black-body  is  called  the  spectral  emittance.  An  ideal  black  body  has  an  emittance  of  1.  All 
other  materials  have  smaller  values,  although  many  have  values  very  close  to  1.  The  emittance  of  a 
particular  material  depends  largely  on  its  surface  characteristics,  such  as  roughness  and  the  presence  of  an 
oxide.  Most  nonmetallic  and  painted  surfaces  have  an  emittance  greater  than  0.8.  Near  room 
temperatures,  a  highly  polished  metallic  surface  may  have  an  emittance  smaller  than  0.05  for  infrared 
wavelengths.  Although  polished  chromium  may  have  an  emittance  of  about  0.1,  unpolished  LC  chromium 
would  have  a  significantly  higher  emittance. 

A  wide  variety  of  detectors  and  scanners  are  available  to  detect  infrared  black-body  radiation  and 
measure  a  wide  range  of  temperatures.  In  choosing  a  detector  or  scanner,  one  must  consi^r  its 
temperature  range  and  sensitivity,  the  rate  at  which  independent  measurements  can  be  made,  the  ease  with 
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which  the  output  signal  can  be  converted  to  temperature,  and  the  ability  to  correct  for  varying  emittance. 
Most  video*rate  scanners  are  too  slow  to  measure  the  type  of  temperature  versus  time  proGles  expected  on 
chromium'coated  steel.  An  exception  might  be  made  for  the  case  of  video  scanners  that  can  be  converted 
to  scan  a  single  line  of  the  object,  rather  than  an  area,  at  a  much  higher  rate,  such  as  2500  lines  per 
second.  For  the  best  time  resolution,  however,  one  should  choose  an  in&ared  detector,  such  as  indium 
antimonide  (InSb),  focused  to  a  stationary  spot  on  the  surface. 


IDEAL  BLACKBODY 
SPECTRAL  ENERGY  DENSlTr' 


Figure  3.  1^(2)  versus  A. 


ULTRASONIC  TECHNIQUE 
Principle 

The  ultrasonic  approach  attempts  to  detect  and  measure  the  interference  between  ultrasonic  stress 
waves  reflected  from  the  chromium-steel  interface  and  the  chromium-air  interface,  as  shown  schematically 
in  Figure  4.  A  reflection  of  stress  waves  will  occur  at  an  interface  between  media  of  different 
characteristic  impedance.  The  characteristic  impedance  is  defined  as  z  =  pv,  where  p  is  the  density  and  v 
is  the  velocity  of  the  stress  wave  in  the  medium.  Normally,  chromium  and  steel  have  very  similar 
impedances,  so  that  one  would  not  expect  a  reflection  at  their  interface.  However,  a  poor  bond  or  low 
density  chromium  coating  might  result  in  a  significant  discontinuity  in  impedance,  and  therefore,  some 
measurable  reflection. 

Upon  reflection,  a  stress  wave  will  undergo  either  no  phase  shift  or  a  phase  shift  of  180  degrees, 
depending  upon  whether  the  wave  is  longitudinal  or  shear  and  whether  the  impedance  increases  or 
decreases  at  the  interface.  For  shear  waves,  no  phase  shift  will  occur  if  the  incident  medium  has  the 
higher  impedance;  if  the  incident  medium  has  the  lower  impedance,  a  180-degree  phase  shift  will  occur. 
For  longitudinal  waves,  a  phase  shift  of  180  degrees  will  occur  if  the  incident  medium  has  the  higher 
impedance.  For  all  practical  purposes,  air  has  an  impedance  of  zero. 
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Figure  4.  Reflection  of  ultrasonic  stress  waves  from  the  chromium-steel  interface  and 
the  chromium-air  interface,  assuming  a  discontinuity  in  characteristic 
impedance  at  the  chromium-steel  interface. 

Therefore,  destructive  interference  could  occur  in  either  of  the  following  situations: 

1.  If  the  chromium  had  a  lower  impedance  and  its  thickness  was  (2n-l)A/4. 

2.  If  the  chromium  had  a  higher  impedance  and  its  thickness  was  nA/2,  where  n  is  a  positive 
integer  and  X  is  the  wavelength  of  the  stress  wave  in  the  chromium. 

For  a  given  thickness,  the  lowest  frequency  cases  would  occur  for  n  =  1.  The  chromium  in  case  #1,  with 
the  lower  impedance,  would  then  be  analogous  to  an  optical  quarter-wave  layer  used  as  an  anti-refleaive 
coating.  The  chromium  in  case  #2,  with  the  higher  impedance,  would  be  a  half-wave  layer. 

In  the  quarter-wave  case,  the  frequency  at  which  destructive  interference  occurs  would  be  f  = 
v/(4d),  where  v  is  the  velocity  of  the  wave  in  the  chromium  and  d  is  the  thickness  of  the  chromium.  In  the 
half-wave  case,  destructive  interference  would  occur  at  f  =  v/(2d).  For  purposes  of  predicting  the 
frequency  for  which  these  interference  effects  would  occur,  one  can  assume  a  shear  wave  velocity  of  about 
3200  m/s  and  a  longitudinal  wave  velocity  of  about  5900  m/s.  For  shear  waves  reflected  from  a  125  pm 
coating,  destructive  interference  should  occur  at  6.4  MHz  for  the  quarter-wave  case  and  12.8  MHz  for  the 
half-wave  case.  For  longitudinal  waves  reflected  from  a  125  pm  coating,  destructive  interference  should 
occur  at  11.8  MHz  for  the  quarter-wave  case  and  23.6  MHz  for  the  half-wave  case. 

Specimen  Preparation 

Three  bars,  15.5  by  25  by  112  mm,  were  cut  from  C1018  carbon  steel  Two  cylinders,  25  mm  in 
diameter  and  125  mm  hi^,  were  cut  from  a  length  of  oxygen-free,  high  conductivity  (OFHQ  CDAlOl 
hard  drawn  copper  rod.  The  copper  cylinders  were  then  annealed  at  400*’C  for  50  minutes.  One  25  by 
112  mm  face  of  each  steel  bar  was  polished  with  400  and  600  grit  silicon  carbide,  foUowed  by  7  pm  of 
diamond  paste.  The  flat  faces  of  the  copper  cylinders  were  similarly  polished. 

About  125  pm  of  LC  chromium  was  electrodeposited  onto  the  clean,  polished  surfaces  of  one 
steel  bar  and  one  copper  cylinder.  /\nother  steel  bar  was  prepared  by  first  forming  a  thick  oxide  on  the 
surface  by  heating  at  2S0‘’C  for  about  90  minutes,  then  electr^epositing  125  pm  of  LC  chromium  over  the 
oxidized  surface  that  had  previously  been  polished.  In  this  case,  the  desire  was  to  form  a  poorly  bound 
coating  that  might  result  in  stress  wave  reflection  at  the  interface.  The  remaining  steel  bar  and  copper 
cylinder  were  left  uncoated. 
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Results 


Experimental  evidence  of  interference  was  sought  by  measuring  the  effective  attenuation  of  stress 
waves  propagated  from  the  uncoated  side  of  the  ^ecimen  and  reflected  from  the  coating,  as  shown  in 
Figure  4.  Data  were  collected  using  a  computer-controlled  velocity  and  attenuation  measuring  system 
(Matec  Instruments,  Model  MBS-8000).  TTie  stress  waves  were  sinusoidally  varying  "tone  bursts"  of  3  ps 
duration.  A  5  MHz,  0.2S-inch  .diameter  transducer  introduced  shear  waves  into  the  specimen  and  received 
echoes.  It  was  coupled  to  the  surface  using  a  viscous  resin.  A  10-MHz,  0.2S-inch  diameter  transducer 
coupled  to  the  surface  with  a  fluid  couplant  introduced  longitudinal  waves  and  received  echoes. 
Measurements  were  made  for  shear  waves  between  5  and  7  MHz  and  for  longitudinal  waves  between  7 
and  16  MHz.  None  of  the  measurements,  however,  appeared  to  show  an  increased  attenuation  due  to 
destructive  interference  of  waves  reflected  from  the  coating,  although  there  was  considerable  variation  with 
frequency,  presumably  due  to  the  properties  of  steel.  Figure  5  shows  a  plot  of  atter.  iation  versus 
frequency  for  longitudinal  waves  in  the  three  steel  specimens. 


Figure  5.  Attenuation  of  longitudinal  stress  waves  reflected  from  (A)  free  steel  surface, 
(B)  clean  steel  with  LC  chromium,  and  (Q  oxidized  steel  with  LC 
chromium. 

CONCLUSION 

Although  no  conclusive  experimental  evidence  was  obtained  in  this  study,  photother'^nl  ard 
ultrasonic  techniques  appear  to  offer  enough  promise  to  justify  pursuing  further  work. 
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